ABSTRACT During the past decade, various types of small non-coding RNAs were found to be expressed in all kingdoms and phyla of life. Intense research efforts have begun to shed light on their biological functions, although much remains to be determined in order to fully characterize their scope of biological action. Typically, small RNAs provide sequence specificity to a protein complex that is driven to silence a long target RNA. MicroRNAs (miRNAs) are small RNAs that are coded in the genome of most eukaryotes, and contribute to the cellular identity by regulating cell-specific gene networks by translational repression or degradation of mRNA. These effects commonly finetune gene expression associated with developmental or environmental cues. Different cell types can be characterized by their distinctive cellular miRNA landscape. The human placenta expresses a unique set of miRNAs, a high proportion of which is derived from a large cluster located on chromosome 19, (termed chromosome 19 miRNA cluster, or C19MC). Interestingly, a fraction of these placenta-enriched miRNAs are released to the extracellular environment through exosomes that were recently found to induce an antiviral immunity. In this review, we explore relevant placental viral infections and discuss the antiviral role of exosome-packaged placental C19MC miRNAs in this context.
Introduction
In eutherian organisms, the placenta shields the embryo from hematogenous spread of diverse pathogens. Within the human hemochorial placenta, the physical barrier interfacing the maternal and fetal blood systems includes the trophoblast bilayer, basement membrane, and fetal capillary endothelial cells. Located at the placental villous surface and in direct contact with the maternal blood are the syncytiotrophoblasts, which are multinucleated, terminally differentiated cells that regulate the vital maternal-fetal exchange of gases, nutrients, and waste products. Subjacent to the syncytiotrophoblasts is a discontinuous layer of mononucleated cytotrophoblasts, which are less thoroughly differentiated than their syncytialized counterparts and retain a proliferative capacity. Previously thought to be a passive barrier to pathogens or an inert sieve to nutrients, it is now clear that trophoblasts actively orchestrate an extensive repertoire of signals designed to optimize placental transport functions, produce crucial hormones, and immunologically defend the developing fetus.
Understanding host-pathogen interactions at the maternal-fetal interface is essential for the development of antimicrobial therapies and for the preventive strategies that target fetal infections. Despite intense research efforts and progress over the last decades, the defense mechanisms used by the placenta against microbial infections remain largely unknown. Some level of protection is conferred by the presence of a continuous layer of syncytiotrophoblasts, which harbors relatively few intercellular junctions as well as a reduced level of membrane proteins that may serve as receptors for pathogens (Robbins et al., 2012; Zeldovich et al., 2012) . Recent studies also suggest that complex cellular interactions among the compartments of the materno-placental unit create a unique immunological environment for the development and function of placental trophoblasts while avoiding the production of rejection signals.
Pathways involved in the maternal immune adaptation to pregnancy have been described elsewhere (Mor et al., 2010; Erlebacher, 2013; Zenclussen, 2013) . Here we focus on viral infection of the feto-placental unit and a recently identified microRNA-based component of an antiviral defense system deployed during pregnancy. The microRNAs (miRNAs) involved in this process are uniquely enriched in trophoblasts (we termed them "trophomiRs") and are expressed from a large cluster on chromosome 19 referred to as the chromosome 19 miRNA cluster (C19MC). These findings are intriguing, because RNA interference (RNAi) by small RNAs is prevalent in antiviral defense across most phyla, yet it was thought that the majority of antiviral signals in vertebrates are carried out by proteins, not RNAi (review in (Ding, 2010; Yan et al., 2012) , a notion that was recently challenged (see below). Thus, the finding that C19MC miRNAs originating from human trophoblasts confer resistance to viral infections in recipient cells (Delorme-Axford et al., 2013) may open a new chapter in the evolving story concerning the functions of miRNAs in human physiology.
Viruses and pregnancy
A long-standing controversy exists regarding the susceptibility of pregnant women to viral infections, with a prevailing speculation that attributes "pregnancy-associated immune deficiency" to suppression of cellular immunity and tolerance of the semiallogeneic fetus and placenta. There are conflicting data regarding specific immune mediators that may explain this tolerance, with some attributed to the high level of steroid hormones during pregnancy, particularly progesterone (Arck et al., 2007) . Recent data regarding the role of competent immunity in implantation and intrauterine development, and the intricate immune signals that govern maternal-placental interactions, challenge the gestational immune suppression dogma. Notwithstanding, the level of immunity may vary during pregnancy, with an immunogenic state early in pregnancy, which is attenuated until late in pregnancy, when inflammation is associated with labor (Mor et al., 2010) .
Although assessing the likelihood of vertical transmission of viruses to the fetus outside of pregnancy is naturally impossible, the susceptibility of pregnant women to viral pathogens can be compared to that of non-pregnant women. Studies in this field are confounded by the greater medical attention received during pregnancy, and the severity of infections. It is clear that (a) several maternal viral pneumonias, such as influenza, coronavirus (SARS), varicella, rubeola, and other pneumonias, may become more severe during pregnancy compared to their course in nonpregnant individuals (Longman et al., 2007) and (b) transmission of viral pathogens to the intrauterine environment may damage the developing embryo (Kaplan, 1993) .
Certain viruses can gain access to the placenta and the fetus and drastically impact the outcome of pregnancy (Duff et al., 2009) . Viruses may move into the intrauterine compartment through diverse routes, including (a) infected sperm during fertilization, (b) intrauterine viral infections prior to and during implantation, (c) hematogenous transmission across the placenta by direct infection of trophoblasts or through intercellular routes, (d) placental transfer of infected macrophages from the maternal blood supply, (e) infection during an invasive procedure during pregnancy, (f) ascending infection from the vagina via intact fetal membranes or after membrane rupture, and (g) infection during passage of the fetus at birth through the vaginal canal or through the abdominal incision during cesarean delivery. Mother-to-baby transmission of viruses may also reflect postnatal routes through direct contact, aerosols, and breast milk. Notably, certain viruses may not access the intrauterine compartment or may lack a marked, direct effect on the fetus or the placenta, yet may adversely impact the course of pregnancy by causing significant maternal morbidity, affecting specific organs or causing a general maternal inflammatory response, with secondary consequences to the fetoplacental unit. Viruses may also predispose to bacterial infections, which may entail subsequent complications (Cardenas et al., 2010; Racicot et al., 2013) .
Cytomegalovirus (CMV) is one of the most important pathogens during human pregnancy and is a leading cause of congenital viral infection. This DNA virus is a member of the herpesvirus family and can be transmitted to the fetus by either a transplacental or a trans-vaginal route. Fetal infection is most severe in the case of primary maternal CMV infection, particularly during the early stages of pregnancy. Approximately 30-40% of fetuses become infected following a primary maternal infection, and nearly one-half of these fetuses display symptomatic infection at birth (Nigro et al., 2005) . The clinical impact of CMV infection during pregnancy ranges from a mild viral syndrome and maternal hepatitis to grave fetal effects, including growth restriction and central nervous system involvement manifested as microcephalus, mental retardation, developmental delay, hearing loss, visual disturbances, or death. The rate of transmission is markedly lower in recurrent maternal CMV infection, and fetal infection, if it occurs, is usually milder (Duff et al., 2009; Syggelou et al., 2010) .
Like CMV, infection by rubella, an RNA virus of the togavirus family, can be transmitted to the fetus by a transplacental or transvaginal route, with infectivity nearing 50% in the first trimester and declining thereafter. Prior to widespread immunization, infection by rubella caused the congenital rubella syndrome, characterized by deafness, cataracts and chorioretinitis, CNS defects, and cardiac malformations (Best, 2007; Duff et al., 2009) . Parvovirus, a DNA virus can also cause significant fetal morbidity. Parvovirus B19 can cross the placenta, bind to red blood cell progenitors and suppresses erythropoiesis, resulting in non-immune hydrops (Ergaz et al., 2006) . Like CMV and rubella, the incidence of fetal parvovirus B19 infection declines as pregnancy progresses.
A number of other pertinent human viral pathogens can affect the newborn, but are less likely to be transmitted transplacentally during pregnancy. Intrauterine spread by these viruses may represent transmission by a different pathway or feto-placental resistance. Although intrauterine infection by herpes simplex virus (HSV), a DNA virus of the herpesvirus family, can cause central nervous system, cutaneous, and ophthalmologic manifestations, congenital infections are rare. Significant infection may occur during delivery, when the mother has active genital HSV infection (Marquez et al., 2011) . Similarly, infection of the fetus by HIV, an RNA virus of the retrovirus family, occurs primarily during vaginal delivery or in association with an invasive procedure during pregnancy. Indeed, the rate of perinatal transmission has markedly declined in recent years due to the use of highly active anti-retroviral treatment and because of cesarean delivery in mothers who have a sustained high viral load (Connor et al., 1994) .
Other viruses may affect human pregnancy through active maternal infection at the time of delivery or through a systemic maternal infection that secondarily influences the pregnancy and may cause (early or late) pregnancy loss with or without clear evidence of vertical transmission to the feto-placental unit. The RNA paramyxovirus family member mumps increases the risk of spontaneous abortion with first trimester infection, but no clear data that associate it with fetal infection or congenital anomalies have been reported. Similarly, infection by the DNA herpesvirus varicella zoster may increase the risk of early spontaneous abortion, and peripartum maternal infection may be transmitted during delivery, causing neonatal varicella infection.
Peripartum infection by human papilloma virus may be transmitted to the newborn by direct contact during vaginal delivery . Maternal infection by rubeola (measles) may cause maternal pneumonia, and has been associated with first trimester miscarriages, preterm birth later in pregnancy, or neonatal measles associated with peripartum infection. Influenza during pregnancy may also cause serious maternal illness, with peripartum infection causing neonatal influenza (Duff et al., 2009) .
Whereas the mechanisms used by viruses to infect the fetoplacental unit remain largely unknown, the facts outlined above suggest that virus-specific pathways determine the susceptibility of the fetus and the intrauterine tissues to infections, which may also elicit selective immune responses. Studies designed to decipher viral tropism, invasion into placental cells, and trophoblast response to viral infection yielded variable results, which largely depend on the type of virus studied and the system used for dissecting viral infectivity (Arechavaleta-Velasco et al., 2002; Abrahams et al., 2006) . CMV, for example, which readily crosses the placenta, particularly during primary maternal infections, does not infect the placenta in an ex vivo placental perfusion model (Muhlemann et al., 1995) . Inconsistent results were also observed with HIV and varicella infection of trophoblasts (Douglas et al., 1992; Qureshi et al., 1996) . HIV may infect the placenta and, subsequently, the fetus via placental macrophages, but not through trophoblasts, or through breaks in trophoblast integrity (McGann et al., 1994; Burton et al., 1996) et al., 1997a; Parry et al., 1997b) . The process of viral infection may also involve trophoblast gene expression, invasiveness, and/or apoptosis. For example, HSV affects HLA-G transport (Schust et al., 1996) , and CMV reduces the invasiveness of extravillous trophoblasts (Fisher et al., 2000) . Retroviruses may have an affinity for trophoblasts, and retrovirally integrated genes encode transcripts that are essential for placental formation, such as syncytin (Mi et al., 2000; Dupressoir et al., 2009; Haig, 2012) .
The antiviral activity of microRNAs and other small non-coding RNAs
Small non-coding RNAs are ubiquitous in organisms of all kingdoms, from bacteria and archaea to plants and animals. There are various classes, characterized by specific structural features, modes of biogenesis, and biological functions. The biological significance of many small RNA species remains unclear. Recent data suggest that a large fraction of small RNAs are involved in defense mechanisms against genetic parasites such as viruses, plasmids, or transposons (Ding, 2010; Wiedenheft et al., 2012; tenOever, 2013) . These pathways are schematically illustrated in Fig. 1 . For instance, an important antiviral immune system in prokaryotes is the CRISPR (clustered regularly interspaced short palindromic repeats) mechanism, which is based on the production of CRISPR RNAs (crRNAs), ~60 nt in length, that target and cleave invading nucleic acid from bacteriophages or plasmids. A defining feature of this mechanism includes the incorporation of small invader-derived DNA fragments into the CRISP locus, which will be eventually integrated in the sequence of crRNAs and provide the specificity against invading genetic fragments. The crRNAs then assemble into a ribonucleic complex containing Cas (CRISPR-associated) proteins that guide the target recognition and degradation (reviews in (Sorek et al., 2008; Horvath et al., 2010; Marraffini et al., 2010; Wiedenheft et al., 2012) .
In animals, certain defense mechanisms against mobile genetic elements or transposons are similar to the CRISPR system, where transposon sequences that have incorporated into specific genomic loci are transcribed and processed into 21-to 30-nucleotide small RNAs by members of the Piwi/Argonaute-class of proteins (review in (Malone et al., 2009) . These Piwi-interacting RNAs (piRNAs) are primarily expressed in the germ line, where they control transposable element dissemination through degradation of target RNA (Brennecke et al., 2007; Gunawardane et al., 2007) . PiRNAs are also involved in transcriptional silencing via chromatin modifications that can be transmitted over generations (Ashe et al., 2012; Shirayama et al., 2012) .
Viral infection often results in the formation of double-stranded RNA (dsRNA) intermediates produced during replication, which may become potent triggers of antiviral immunity. In plants, fungi, and invertebrates, one of the main systems activated to ward off viral infections invokes another class of small RNAs called small interfering RNAs (siRNAs). These viral dsRNAs are typically processed into 21-to 25-nucleotide-long siRNAs by the RNA endonuclease Dicer and are loaded into the RNA-induced silencing complex (RISC) to guide the degradation of the complementary RNA. As with piRNAs, there is amplification of secondary siRNAs that expand the pool of primary siRNAs and ensure efficient silencing of the invading nucleic acids (Pak et al., 2007; Sijen et al., 2007) . Consequently, virus-induced siRNAs can accumulate in infected host cells and efficiently suppress viral propagation. Notably, transposon-derived plant dsRNAs also spawn siRNAs, which can induce target degradation as well as epigenetic changes resembling animal piRNAs. Recent data establish the presence of functional antiviral RNAi pathways in vertebrates, which counteract virus-induced suppression of cellular RNAi (Li et al., 2013a; Maillard et al., 2013; tenOever, 2013) .
MiRNAs represent the best-characterized class of small noncoding RNAs. These approximately 22-nucleotide-long RNAs are found in all eukaryotes with the notable exception of fungi, and are known to regulate the expression of numerous genes through inhibiting the translation of targeted mRNAs and enhancing their degradation (Bartel, 2009) . Most miRNAs are derived from a limited number of genes located in independent transcription units or are embedded in introns of protein-coding genes. Transcription by RNA polymerase II gives rise to long RNA transcripts that are successively cleaved by two RNase III enzymes, Drosha and Dicer, yielding miRNA duplexes. One of the two strands is then loaded onto RISC, which contains Ago proteins as a silencing effector.
The physiological influence of miRNA action at the molecular level is usually subtle, with most miRNAs modulating low-magnitude gene expression changes, possibly to diminish stochastic transcriptional bursts (Baek et al., 2008; Selbach et al., 2008) . Nonetheless, miRNAs exhibit a wide range of biological actions, affecting many cellular pathways, including the regulation of the immune response, by controlling the development of immune cells and immune signaling networks (Xiao et al., 2009; Baumjohann et al., 2013) . Although miRNAs have the potential to modulate the immune response, they do not appear to significantly silence viral RNAs, possibly reflecting the relatively low level of expression when compared to viral RNAs, the low silencing capacity of miRNAs, miRNA kinetics relative to the half-life of relevant target protein, and the fact that only a limited number of miRNAs are encoded in the genome (tenOever, 2013). Intriguingly, there are examples of viruses able to subvert the RNAi machinery for their own benefit (Cullen, 2013). For example, many viruses of the herpes and picornavirus families encode viral miRNAs that target host or viral transcripts to promote their replication (Grundhoff et al., 2011) .
Certain virus-encoded miRNAs are mimics of specific host miRNAs, such as miR-155, an important regulator of myeloid and lymphoid cells in the immune system (Gottwein et al., 2007; Skalsky et al., 2007; Boss et al., 2011) . In addition, the host liver-specific miR-122 promotes the replication of the hepatitis C virus by protecting the viral genome from degradation by cellular nucleases (Jopling et al., 2005; Li et al., 2013b) , and members of the poxvirus family have the ability to degrade host cellular miRNAs (Backes et al., 2012) . Some viruses can also exploit specialized enzymatic activities of the RNAi machinery in order to process viral mRNAs critical to their replication but in an RNAi-independent manner (Bouttier et al., 2012) . Together, these observations point to the vast complexity and plasticity of host RNAi pathways that can interact with invading viruses to modulate their pathogenesis.
Chromosome 19 miRNA cluster (C19MC)
Human placental trophoblasts produce miRNAs throughout pregnancy. A large fraction of these trophoblastic miRNAs are derived
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from a single cluster located on chromosome 19 (Bentwich et al., 2005; Donker et al., 2012) . This chromosome 19 miRNA cluster (C19MC, Fig. 2 ) spans approximately 100 kb of genomic DNA, and harbors 46 intronic miRNA genes flanked by numerous Alu repeats and 37 highly repetitive short DNA segments (~120 nt) that could be spliced exons of non-coding, short-lived RNA transcripts of unknown function (Bortolin-Cavaille et al., 2009) .
Recombination events among Alu repeats have been implicated in duplication events of miRNA, leading to the evolution and expansion of these clustered miRNA genes (Zhang et al., 2008; Lehnert et al., 2009) . While the contribution of Alu repeats to the structural organization of this region is well delineated, the functional interaction between the C19MC miRNAs and resident Alu repeats is unclear. Interestingly, several miRNA species from C19MC share high sequence complementarity with Alu sense repeats, but not antisense sequences, suggesting that these miRNAs could target transcribed Alu sequences and participate in a defense mechanism against deleterious Alu insertions into the genome (Lehnert et al., 2009) . Sequence similarity among other miRNAs and transposable elements suggested the interesting yet unproven role of miRNAs in protection of the genome against foreign genomic elements ( Shalgi et al., 2010; Ahn et al., 2013) .
The C19MC miRNAs are primate-specific, with an expression pattern that is highly tissue-selective and mostly restricted to the placenta. C19MC miRNAs can also be detected in the testes and the fetal brain. In cell lines, C19MC miRNAs seem to be exclusively expressed in cells derived from trophoblasts, including choriocarcinoma cell lines JEG3, JAr, and BeWo, with the notable exception of extravillous trophoblast line HTR8/SVneo (Donker et al., 2012; Morales-Prieto et al., 2012) . Expression of these miRNAs can be reactivated in cell lines by treatment with 5-aza-2'-deoxycytidine (5-Aza-CdR), a DNA methylation inhibitor (Saito et al., 2009; Tsai et al., 2009) , suggesting that expression of the C19MC miRNAs is epigenetically controlled, at least in part, by mechanisms involving methylation. Interestingly, a CpG-rich region located ~17 kb upstream of the first miRNA gene was found to be hypermethylated in cells that do not express these miRNAs (Tsai et al., 2009) . The fact that the C19MC cluster is imprinted and exclusively expressed in the placenta from the paternally inherited chromosome provides further support to the epigenetic regulation of C19MC miRNAs (Noguer-Dance et al., 2010) .
C19MC miRNAs, exosomes and viral resistance
We recently found that primary human trophoblast (PHT) cells are resistant to infection by a diverse and unrelated panel of DNA and RNA viruses, including coxsackievirus B, poliovirus, vesicular stomatitis virus (VSV), vaccinia virus, herpes simplex virus-1, and human CMV (details about this and other findings summarized in this section are discussed in (Delorme-Axford et al., 2013) and schematically illustrated in Fig. 3 ). Importantly, we found that, in addition to their own resistance, PHT cells produced an antiviral component that was released into the culture medium and conferred viral resistance to non-placental cells, including Vero (African green monkey kidney), U2OS (human osteosarcoma), Caco-2 (human colorectal adenocarcinoma), and RL-95 (human endometrial adenocarcinoma), as well as to several physiologically relevant maternal and fetal primary cell types, such as human umbilical vein endothelial cells (HUVEC), human uterine microvascular endothelial cells (HUtMVEC), and human placental and human foreskin fibroblasts. Surprisingly, sonication of PHT conditioned media ablated its antiviral properties, which implied that PHT-derived miR-512-1 miR-512-2 miR-1323 miR-498 miR-520e miR-515-1 miR-519e miR-520f miR-515-2 miR-519c miR-1283-1 miR-520a miR-526b miR-519b miR-525 miR-523 miR-518f miR-520b miR-518b miR-526a-1 miR-520c miR-518c miR-524 miR-517a miR-519d miR-521-2 miR-520d miR-517b miR-520g miR-516b2-3 miR-526a miR-518e miR-518a1 miR-518d miR-516-4 miR-518a-2 miR-517c miR-520h miR-521-1 miR-522 miR-516-2 miR-1283-2
miR-519a-1 miR-5127 miR-516-1 miR-519a-2 1 2 3 4 5 6 7 miR-512-1 miR-512-2 miR-1323 miR-498 miR-520e miR-515-1 miR-519e miR-520f miR-515-2 miR-1283-1 miR-519c lipid vesicles, which are known to be sensitive to sonication, might mediate the viral resistance.
Consistent with a role for PHT-derived exosomes in mediating the antiviral effects of PHT conditioned medium, we observed decreased viral replication in cells exposed to exosomes that were isolated and purified from PHT cell conditioned medium, but not from exosome-depleted conditioned media. Because exosomes have previously been shown to play an important role in intercellular communication through the transfer of mRNAs and miRNAs, and because PHT exosomes contain placental miRNAs that are enriched for C19MC species (Bentwich et al., 2005; Donker et al., 2012) , we sought to assess the role of C19MC miRNAs in the antiviral property of PHT exosomes. We stably transfected non-placental cells that do not express members of the C19MC endogenously with a BAC that harbors the entire C19MC, and found that these cells became resistant to VSV infection compared to cells expressing a control BAC. This effect was recapitulated when miRNA mimics of select groups and/or individual members of the C19MC family (miR-517-3p, -516b-5p, and -512-3p , but not non-C19MC miRNAs) were transfected into non-placental cells.
Our findings with respect to the function of extracellular RNAs are consistent with the notion that extracellular miRNAs (ex-miRNAs) are present in a variety of human body fluids such as blood, breast milk, and urine (Chen et al., 2012) . Importantly, ex-miRNAs are (unpublished) suggests that circulating microvesicles may also carry C19MC miRNAs, implying that additional characteristics of trophoblast vesicles determine transmission of antiviral miRNAs. Lastly, circulating ex-miRNAs are also tightly associated with certain proteins, such as high-density lipoprotein and Ago2 (Arroyo et al., 2011; Vickers et al., 2011) . These miRNAs are taken up by recipient cells, where they regulate their respective mRNA targets (Vickers et al., 2011) . The functional significance of this type of protein-bound ex-miRNAs in the context of antiviral activity remains to be established.
Mechanistically, we found that exposure of non-placental cells to PHT conditioned media, as well as to purified PHT exosomes, markedly stimulated autophagy (Delorme-Axford et al., 2013 ). An evolutionarily conserved process, autophagy utilizes the lysosomal degradation pathway to degrade foreign microbes (Choi et al., 2013) . We showed that, after incubation with conditioned media or PHT-derived exosomes, there was a significant induction of autophagosomes, demonstrated by electron microscopy and LC3b punctae formation by fluorescence microscopy. In addition, we found that miRNA mimics from members of the C19MC capable of inducing viral resistance also induced autophagy. The induction of autophagy by members of the C19MC appears to be the result of increased flux through the autophagic pathway, as we observed significant degradation of p62 in cells expressing the entire C19MC. functionally active in reshaping the transcriptome landscape of recipient cells (Valadi et al., 2007; Vickers et al., 2011) , implying that ex-miRNAs, which may be vesicle-encapsulated or bound to protein carriers in extracellular fluids, are key players in a non-hormonal modes of intercellular communication (Arroyo et al., 2011; Mittelbrunn et al., 2012; Raposo et al., 2013) . Exosomes, lipid bilayer vesicles with a median size of 100 nm, are known to mediate local or distant cross talk among diverse cells and tissues. They are involved in diverse physiological and pathological processes, including immune surveillance, virus and host interaction, and tumor niche establishment (Mittelbrunn et al., 2011; Peinado et al., 2012; Feng et al., 2013; Ramakrishnaiah et al., 2013) . Prior to their release into the extracellular space, exosomes form intraluminal vesicles within multivesicular bodies (Scita et al., 2010; Hanson et al., 2012) . Several components of the endosomal sorting complexes required for transport (ESCRT) and members of the Rab family, such as ALIX and Rab27, are required for exosome production, highlighting the functional connection of endocytosis with exosome biogenesis (Ostrowski et al., 2010; Baietti et al., 2012) . ESCRT-independent, ceramide-dependent cascades for exosome production have been implicated in certain tissues, such as oligodendrocytes (Trajkovic et al., 2008) .
Recipient cell
Microvesicles (100-1,000 nm in diameter) are typically larger than exosomes, and originate from the plasma membrane via direct shedding. In this, they are strikingly distinct from exosomes of endocytic origin. It is therefore plausible that these two types of lipid vesicles harbor distinct cargo content and surface proteins, which might be functionally correlated with the transmission of viral resistance. Our recent work Importantly, pharmacological or siRNA-medicated inhibition of autophagy abrogated the antiviral effect of C19MC miRNAs, and viral infection was restored. Together, these observations strongly suggest a unique role for trophoblast-derived C19MC miRNAs in the conferral of resistance to viral infection to non-placental cells and implicate autophagy in this form of antiviral signaling.
Other functions of C19MC miRNAs
Although members of the C19MC represent the most abundant family of placental miRNAs, much remains to be clarified about their function beyond an antiviral immunity. Several lines of evidence suggest a role in cell differentiation and proliferation. For example, high levels of C19MC miRNAs have been observed in embryonic and induced stem cells (Bar et al., 2008; Ren et al., 2009; Stadler et al., 2010) . Interestingly, their expression drops considerably when these cells differentiate (Ren et al., 2009; Stadler et al., 2010) , which may indicate a role in the maintenance of an undifferentiated state. Furthermore, several reports indicate that certain C19MC miRNAs are aberrantly expressed in specific tumors, possibly reflecting reactivation of the C19MC cluster as the consequence of chromosomal rearrangement or epigenetic modifications (Saito et al., 2009; Tsai et al., 2009; Rippe et al., 2010; Liu et al., 2013) . Li and colleagues showed that the C19MC locus was frequently amplified in certain pediatric brain tumors and suggested that members of this family of miRNAs had oncogenic properties in vitro and in vivo (Li et al., 2009) . In contrast, miR-519, a C19MC miRNA, was shown to exhibit strong tumor-suppressive activities (Marasa et al., 2010; Abdelmohsen et al., 2012) . Two other C19MC members, miR517a and miR-517c, were recently implicated in inhibition of cell proliferation and tumor-suppressing activity (Liu et al., 2013) .
Supporting a role for C19MC in trophoblast differentiation, recent data in our lab (Xie L, Mouillet JF, unpublished) suggest that members of the C19MC cluster are expressed at much higher levels in villous trophoblasts compared to extravillous trophoblasts (EVT) or EVT-derived cell lines. Further research is needed to confirm a role for C19MC miRNAs in the control of trophoblast proliferation, migration, and invasion.
Conclusions and perspectives
A number of experimental observations indicate that trophoblastic C19MC miRNAs, particularly when packaged in exosomes derived from human trophoblasts, exhibit cell autonomous and transferrable antiviral activity. The precise mechanisms underlying these observations remain unknown. Moreover, it is not clear whether the antiviral activity of vesicle-packaged miRNAs intersects with other known antiviral pathways that attenuate viral infections, such as type-I interferon. Although it was recently demonstrated that miRNAs could activate RNA-sensing pathways and trigger a range of immune responses (Fabbri et al., 2012; Lehmann et al., 2012) , the relevance of these mechanisms to C19MC miRNAs remains to be shown. Intriguingly, RNAi-based mechanisms represent a major antiviral defense in prokaryotes as well as in plants and invertebrates (Ding, 2010; Wiedenheft et al., 2012; Yan et al., 2012) . In these organisms there is a direct interaction between small RNAs and the invading nucleic acids, which usually results in elimination of the foreign genetic elements.
Although the molecular mechanisms underlying the action of the C19MC miRNAs are currently unknown, it seems unlikely that they involve the recognition and silencing of specific viral RNAs. Instead, C19MC miRNAs may enhance cellular defense mechanisms, including autophagy (Delorme-Axford et al., 2013) , via a signaling pathway that remains to be elucidated. The mechanism underlying the transport of C19MC miRNAs to other cells, the induction of an antiviral effect, and the possible selectivity of this process are also unknown.
